Background: Excessive stimulation of endothelial cells by VEGF is a major cause of aberrant angiogenesis and leaky blood vessels in various medical conditions. Results: The Small GTPase R-Ras inhibits VEGF-induced internalization and tyrosine phosphorylation of VEGF receptor 2. Conclusion: R-Ras suppresses chronic and acute endothelial cell stimulation by VEGF. Significance: Our study identifies a mechanism of attenuating VEGF signaling by a Ras homolog and offers mechanistic insights into the regulation of angiogenesis by this small GTPase.
The tumor microenvironment is abundant with VEGF produced by tumor and stromal cells in response to elevated tissue hypoxia (1, 2) . The high levels of VEGF in tumors contribute significantly to the excessive vessel leakiness and constant stimulation of endothelial sprouting that leads to the aberrant regeneration of blood vessels. These overstimulated vessels fail to undergo the maturation processes necessary for establishing a functional vascular network. The leaky vasculature allows the penetration of tumor cells into the circulation, facilitating metastasis (3, 4) .
The VEGF blockade by anti-VEGF therapies transiently normalizes the tumor vasculature by temporarily restoring the balance between pro-and antiangiogenic signals (5, 6) . Normalization of the tumor vasculature improves the efficacy of radiation therapy (7) and the delivery of nanomedicines (8) in mice by improving tumor perfusion and oxygenation (sensitization to radiation), and it also substantially alleviates lifethreatening cerebral edema in glioblastoma patients by minimizing the leakiness of tumor vessels (9) . However, anti-VEGF treatment also appears to enhance tumor invasion and metastasis, potentially explaining the lack of a lasting clinical efficacy (10, 11) . Furthermore, a recent study revealed an unexpected activity of VEGF to inhibit glioblastoma invasion through the inhibition of hepatocyte growth factor-dependent MET activation (12) . These findings suggest that the suppression of VEGF signaling in tumor vessels without substantially reducing the bioavailability of the VEGF ligand in the tumor microenvironment may inhibit angiogenesis and provide the benefit of vascular normalization without potentiating the invasion pathways in tumor cells.
Previously, we found an activity of small GTPase R-Ras inhibiting tumor angiogenesis (13) (14) (15) . R-Ras is a Ras family protein with 55% amino acid sequence homology to the Ras proteins K-Ras and H-Ras (16) . These proteins share an identical sequence of the minimal effector binding region (17) . However, the constitutively activated mutant of R-Ras does not transform rat fibroblasts, activate Raf, or mitogen-activated protein kinase, which is in contrast to the activities of the Ras mutants (18, 19) . R-Ras activates PI3K (19) and integrin adhesion to the extracellular matrix (20) , whereas H-Ras inhibits integrin adhesion (21) . R-Ras differs from the other members of the Ras family in that it contains a putative Src homology 3 domain-binding proline motif, and this motif is required for the integrin-activating activity of R-Ras (22) (23) (24) . Also, R-Ras can be tyrosine-phosphorylated by the Eph receptors and Src (22) (23) (24) . This phosphorylation inhibits R-Ras function (22) (23) (24) . The forced expression of constitutively active R-Ras increased the growth and invasiveness of a cervical carcinoma cell line (25, 26) . In contrast, both stimulatory and inhibitory effects of R-Ras have been reported for breast cancer cell proliferation and migration (27) (28) (29) (30) (31) . To date, few studies have examined R-Ras in spontaneously rising tumors, and available information is largely on the basis of cancer cell lines ectopically expressing activated R-Ras. Inhibition of R-Ras activity has been implicated in breast tumor malignancy in a study analyzing clinical samples (31) . Therefore, the precise role and activity of R-Ras in human cancer cells remains unclear. In normal tissues, R-Ras is most strongly expressed in endothelial cells (ECs) 2 and smooth muscle cells with accumulation at the cytoplasmic membrane (13) .
A genetic study in mice revealed that ablation of R-Ras enhances angiogenesis in tumor implants (13) . This enhancement of angiogenesis was accompanied by significant impairment of tumor vessel maturation, characterized by severe deformation and functional deficiency of the vessels (14) . Conversely, the gain of function of R-Ras in ECs improved the structure and function of VEGF-induced blood vessels in Matrigel implants (14) . These results demonstrated that R-Ras is essential for establishing functional vessels while limiting excessive vessel formation in tumors and that R-Ras normalizes pathologically regenerating vasculature. R-Ras is highly expressed in the blood vessels of normal adult tissues (13) . The analyses of a panel of human breast adenocarcinomas as well as mouse and human tumor implants in mice showed that R-Ras is significantly down-regulated in the majority of tumor vessels (13, 14) . The chronically reduced expression of R-Ras in tumor blood vessels is consistent with the immaturity and functional abnormalities of the tumor vasculature, which are the hallmark characteristics of malignant tumors.
At present, the molecular mechanism of R-Ras-mediated vessel regulation remains elusive. Accumulating evidence indicates that R-Ras counteracts VEGF-stimulated angiogenic activities and the permeability of ECs (13, 14) . In this work, we explore a possible mechanism by which R-Ras inhibits tumor angiogenesis and promotes vessel maturation through attenuation of VEGF signaling in ECs.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Antibodies for the following proteins were purchased from Cell Signaling Technology, Inc. (Danvers, MA): VEGFR2, phospho-VEGFR2 Tyr-951, phospho-VEGFR2 Tyr-1175, p38MAPK, phospho-p38MAPK Thr-180/Tyr-182, and clathrin. Antibodies for R-Ras were obtained from Cell Signaling Technology or Abcam (Cambridge, MA). Anti-phospho-VEGFR2 Tyr-1054/1059, phospho-VEGFR2 Tyr-1214, neurophirin 1, and VEGF antibodies were purchased from EMD Millipore (Billerica, MA). Anti-ephrin-B2 antibody was purchased from Thermo Fisher Scientific (Waltham, MA). Recombinant human VEGF-A 165 was purchased from R&D Systems (Minneapolis, MN).
Analyses of Tumor Blood Vessels and Dermal Microvessels-R-Ras KO mice have been described previously (13) . All animal experiments were performed in accordance with protocols approved by the institutional animal care and use committees of the Sanford-Burnham Medical Research Institute. B16F10 melanoma and Lewis lung carcinoma (LLC) cells (1 ϫ 10 6 cells) were injected subcutaneously into the flank of R-Ras KO or wild-type control mice (14) . Ten days later, tumor cells were collected, lysed in 0.5% SDS lysis buffer, and analyzed by Western blotting. The Western blot band intensity was determined for CD31, total VEGFR2, and phospho-VEGFR2 (Tyr(P)-1214) for each tumor lysate sample by densitometry. The level of total VEGFR2 or Tyr(P)-1214 VEGFR2 was standardized to CD31 or total VEGFR2, respectively, as follows: total VEGFR2 standardized to CD31 ϭ (band intensity for total VEGFR2 of each tumor)/(CD31 band intensity of corresponding tumor); Tyr(P)-1214 VEGFR2 standardized to total VEGFR2 ϭ (band intensity for Tyr(P)-1214 VEGFR2 of each tumor) / (total VEGFR2 band intensity of corresponding tumor). Data are presented as -fold increase from the wild-type animal group.
For immunofluorescence of tumor vessels, frozen histology sections were stained with anti-Tyr(P)-1214 VEGFR2, VEGR2, and CD31 antibodies and imaged using a Nikon Eclipse 90i microscope. For the analysis of dermal microvessels of the mouse ear, 30 l of 50 ng/ml VEGF-A was injected intradermally into the ear using a 30-gauge needle and Hamilton syringe. The ears were collected 15 min later, and tissue lysate was prepared for Western blotting analyses. For immunofluorescence imaging, ears were fixed with 1% paraformaldehyde overnight. The ear specimens were permeabilized by 0.2% Triton X-100 in PBS for 1 h at 4°C and stained with anti-Tyr(P)-1214 VEGFR2 and CD31 antibodies. The immunofluorescence of the whole-mounted ear was imaged by a Nikon A1R laserscanning confocal microscope (Nikon Instrument Co.).
VEGF Expression in Tumors-The expression of VEGF-A, C, and D in tumors was determined by RT quantitative PCR using TaqMan probes (Mm00437304_m1, Mm00437310_m1, and Mm00438963_m1, respectively). To measure the VEGF-A protein level, tumor tissues were minced and lysed in CelLytic TM MT cell lysis reagent (Sigma-Aldrich) supplemented with protease inhibitor mixture (Sigma-Aldrich). After centrifugation at 15,000 ϫ g at 4°C for 20 min, the concentration of VEGF-A in the supernatant was measured using a mouse VEGF-A ELISA kit (Sigma-Aldrich).
Cell Culture, Lentivirus Transduction, and siRNA Transfection-Human umbilical cord vein endothelial cells and growth medium EGM-2 were purchased from Lonza (Basel, Switzerland). These cells were transduced with a constitutively active form of R-Ras (R-Ras38V), dominant negative R-Ras (R-Ras43N), or an insertless control using a pLenti6 lentivirus expression vector (Invitrogen) as described before (13) . R-Ras knockdown was carried out by lentivirus transduction of shRNA that targets the R-Ras sequence 5Ј-GGA AAT ACC AGG AAC AAG A-3Ј, as described previously (14) . The negative control shRNA, which does not target any known sequence of human, mouse, rat, or zebrafish origin, was obtained from COSMO BIO Co., Ltd. (Tokyo, Japan) (14) .
Subconfluent cultures were used for in vitro cell signaling studies. Cells were starved of growth factors overnight with 2% horse serum in EBM-2 basal media, stimulated with VEGF-A 165 , and lysed at various time points for analyses. VE-cadherin siRNA (assay ID s2780), clathrin siRNA (assay ID s3190), and control siRNA were purchased from Ambion (Life Technologies). Cells were transfected with Lipofectamine RNAiMAX transfection reagent (Life Technologies).
VEGFR2 Internalization Assays-The VEGF-induced internalization of VEGFR2 was analyzed as described previously (19 -21) . Briefly, Human umbilical cord vein endothelial cells grown in Lab-Tek TM chamber slides were starved of growth factors overnight in 2% horse serum in EBM-2 basal media. The next day, cells were incubated with monoclonal antibody that recognizes the extracellular domain of VEGFR2 (clone scFvA7, Fitzgerald, North Acton, MA) at 4°C for 30 min to allow antibody binding to cell surface VEGFR2. Cells were then stimulated with 50 ng/ml VEGF-A at 37°C to induce VEGFR2 internalization for 10 min. Subsequently, cells were washed with cold mild acid buffer (25 mM glycine 3% BSA in PBS (pH 2.5)) at 4°C for 15 min to remove surface-bound antibodies and fixed with 4% paraformaldehyde for 10 min. For the VE-cadherinsilenced cells and control cells, chamber slides were spun using a swing bucket rotor at 100 ϫ g for 5 min during fixation to avoid detachment of cells in subsequent staining steps. Cells were permeabilized by 0.1% Triton X-100 in PBS and stained with anti-mouse IgG-Alexa Fluor 488 secondary antibody or anti-E tag antibody (Abcam), followed by anti-rabbit IgG Alexa Fluor 594. At least 10 micrographs were taken with a Nikon Eclipse 90i fluorescence microscope (Nikon Instruments Inc.) equipped with a CoolSNAP HQ2 camera (Photometrics, Tucson, AZ), and the fluorescence images were analyzed by Volocity software (PerkinElmer Life Sciences). The level of VEGFR2 internalization was quantified by measuring the integrated fluorescence signal intensity of the internalized antibody-VEGFR2 complex and normalized to the number of nuclei in each micrograph (integrated fluorescence signal intensity of internalized VEGFR2 per cell). To visualize the cell surface expression of VEGFR2, cells were incubated with anti-VEGFR2 antibody (clone scFvA7) at 4°C for 30 min, rinsed with cold PBS, and fixed with 4% paraformaldehyde. A transferrin internalization assay was performed as described previously (22) . Briefly, cells were incubated with 20 g/ml Alexa Fluor 555conjugated transferrin (Life Technologies) at 4°C and then incubated at 37°C for 5 min to allow cells to internalize transferrin/transferrin receptor. To inhibit the lysosomal degradation of internalized VEGFR2, cells were treated with 200 nM Bafilomycin A1 (Millipore) overnight before performing the internalization assay.
Biochemical Analyses of Receptor Internalization-The cell surface biotinylation-based analyses were performed as reported previously, with minor modifications (23, 24) . Cells were starved of growth factors overnight in 2% horse serum in EBM-2 basal media. Cells were transferred to ice, rinsed twice in cold PBS, and surface-biotinylated using 0.25 mg/ml Sulfo-NHS-SS-Biotin (Pierce) for 20 min at 4°C with gentle shaking. The biotinylated cells were rinsed twice with ice cold PBS and transferred to prewarmed EBM-2 media at 37°C with or without 50 ng/ml VEGF-A to allow receptor internalization for 5-30 min as indicated. The cells were transferred to ice and rinsed twice with ice-cold PBS. The cell surface-bound biotin was removed using the membrane-impermeant reducing agent sodium 2-mercaptoethanesulphonate (Sigma-Aldrich,). Briefly, cells were incubated twice with ice-cold 250 mM sodium 2-mercaptoethanesulphonate in 50 mM Tris, 100 mM NaCl (pH 8.6) for 20 min at 4°C. Unreacted sodium 2-mercaptoethanesulphonate was quenched by addition of 20 mM iodoacetamide for 10 min. Cells were then lysed in Triton X-100 lysis buffer and centrifuged at 10,000 ϫ g for 10 min at 4°C. Supernatant was collected, and protein concentration was measured by BCA protein assay (Pierce). The levels of biotinylated (internalized) VEGFR2 were determined in two ways: by avidin-agarose spin column followed by anti-VEGFR2 Western blot detection and by ELISA capture of VEGFR2 followed by avidin-HRP detection.
Isolation of Biotinylated Proteins with Avidin-Agarose-Biotinylated proteins were isolated from the cell lysate using NeutrAvidin agarose resin (Pierce) in a small spin column. The total protein concentration of the cell lysate was adjusted to 0.3 g/l, and 500 l of this lysate was applied to the column and incubated for 1 h with rotation at room temperature. The column was then washed with lysis buffer, SDS-sample buffer containing 50 mM DTT was applied, and the column was incubated for 1 h at room temperature. The samples were then analyzed in SDS-PAGE followed by anti-VEGFR2 Western blotting. A small aliquot (100 l) of cell lysate was taken before adding lysate to the avidin column and loaded directly onto SDS-PAGE to determine the total VEGFR2 level.
VEGFR2 Capture by ELISA-A Maxisorp 96-plate (Sigma-Aldrich) was coated overnight with 5 g/ml anti-mouse IgG (clone A85-3) in 50 mM Na2CO3 (pH 9.6) at 4°C, followed by another incubation with 5 g/ml of anti-VEGFR2 (clone A-3, Santa Cruz Biotechnology) for 2 h at room temperature. The plate was then treated with blocking buffer, 5% BSA, 0.1% Tween 20 in PBS (PBS-T). A total of 50 l of cell lysate (0.2 g/l) was added to a well and incubated overnight at 4°C to capture VEGFR2. After rinsing the plate twice with PBS-T, the wells were incubated with avidin-HRP. The plate was rinsed with PBS-T twice, and 200 l of the o-phenylenediamine dihydrochloride (OPD) substrate (SIGMAFAST TM OPD, Sigma-Aldrich) was added to each well. The plate was incubated at room temperature for 30 min. The reaction was stopped with 3 M HCl, and the absorbance was measured at 490 nm. The absorbance reading for each data point was normalized to the reading of the cells not treated with sodium 2-mercaptoethanesulphonate to determine the relative levels of VEGFR2 internalization. Four wells for each group were analyzed.
Statistics-Statistics were performed using two-tailed Student's t test to compare wild-type with R-Ras KO mice, and one-way analysis of variance with Tukey's multiple comparison test was used for the in vitro experiment. Error bars represent mean Ϯ S.E.
RESULTS

R-Ras Suppresses VEGFR2 Activation in Tumor Blood
Vessels-The level of VEGF is chronically elevated in tumors. We investigated the potential role of R-Ras in regulating the activation of VEGF signaling in the tumor vasculature. For this purpose, LLC or B16F10 melanoma was implanted subcutaneously into R-Ras KO or WT control mice. Histological sections of the tumor implants were analyzed by immunofluorescence for phospho-VEGFR2 Tyr-1214, total VEGFR2, and CD31 ( Fig.  1A) or R-Ras and CD31 (Fig. 1B) . The Tyr-1214 residue is one of the five major tyrosine sites for VEGFR2 autophosphorylation induced by VEGF. This analysis showed an increased level of phosphorylated VEGFR2 in the vasculature of LLC and B16F10 tumors implanted in R-Ras KO mice ( Fig. 1A) . Western blot analyses of tumor lysates confirmed the immunostaining results by showing an elevated level of phospho-VEGFR2 that was standardized to the level of total VEGFR2 (Fig. 1, C and D) .
To investigate the effect of R-Ras on VEGFR2 activation in a more direct manner, we analyzed VEGFR2 tyrosine phosphorylation in cultured ECs in response to a defined amount of VEGF-A (Fig. 1E ). Cultured ECs (human umbilical cord vein endothelial cells) transduced with cDNAs for R-Ras mutants were serum-starved and then stimulated with 50 ng/ml VEGF-A. In this analysis, we found that R-Ras38V decreased VEGFR2 tyrosine phosphorylation induced by VEGF-A (Fig.  1E) . Conversely, R-Ras43N increased it (Fig. 1E) . These findings corroborate the in vivo observations of R-Ras KO and WT mice.
We also examined VEGF levels in the tumor implants. RT quantitative PCR analyses showed no difference in the expression levels of VEGF-A, VEGF-C, and VEGF-D between the tumors in wild-type and R-Ras KO mice ( Fig. 2A) . ELISA assays 
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also showed comparable VEGF-A levels between LLC tumors in wild-type and KO mice. A moderate (ϳ30%) increase of VEGF-A was found in B16F10 tumors in R-Ras KO mice (Fig.  2B ). However, because VEGF levels are already high in tumors in general (and particularly in B16F10 tumors compared with LLC tumors), it is unlikely that this moderate increase accounts for the significantly elevated activation of VEGFR2 in R-Ras KO mice.
Next, we examined the role of R-Ras in acute VEGF stimulation in normal tissue. We injected VEGF-A intradermally into the ear of R-Ras KO and WT control mice and analyzed the autophosphorylation of VEGFR2 Tyr-1214 by immunofluorescence. As with the analysis of tumors, we found a significant increase of VEGFR2 activation in the microvasculature of R-Ras KO mouse skin (Fig. 3A) . The elevated VEGFR2 activation was confirmed by the quantification of Western blotting of skin tissue lysate (Fig. 3B) . Therefore, endogenous R-Ras strongly attenuates acute stimulation by VEGF in normal blood vessels. The combined observations highlight the important in vivo role of R-Ras in counterbalancing both the chronic and acute VEGF stimulation of blood vessels. (32) (33) (34) . We determined which phosphorylation sites are regulated by R-Ras during VEGF stimulation in cultured ECs. R-Ras38V or mock-transduced ECs were starved of growth factors and stimulated with VEGF-A. The phosphorylation of individual tyrosine residues of VEGFR2 was determined by phospho-specific antibodies to each site. We found that the expression of R-Ras38V greatly diminishes VEGF-in- duced autophosphorylation at all five major tyrosine phosphorylation sites (Fig. 4, A and B) . Autophosphorylation decreased by as much as 80% at the peak activation at 5 min post-VEGF (50 ng/ml) stimulation, demonstrating the profound effect of R-Ras signaling against VEGFR2 activation. In contrast, the suppression of R-Ras by dominant negative R-Ras43N (Fig. 4, C  and D) or by R-Ras silencing using shRNA (Fig. 4, E and F) increased VEGFR2 autophosphorylation upon VEGF stimulation (only Tyr-1175 and Tyr-1214 were examined).
R-Ras Inhibits Phosphorylation of VEGFR2 at All Major Tyrosine Phosphorylation Sites upon VEGF Stimulation-The
R-Ras Inhibits VEGF-dependent VEGFR2 Internalization-VEGF ligand binding induces the clathrin-dependent internalization of VEGFR2, and this internalization is required for the full activation of VEGFR2 (35) (36) (37) . Because all major tyrosine autophosphorylation sites are down-regulated simultaneously by R-Ras, we investigated the effect of R-Ras on VEGFR2 internalization upon VEGF stimulation of ECs. To assess the internalization of VEGFR2 from the cell surface, we first conducted an antibody feeding assay (35, 36, 38) . In this assay, VEGFR2 localization upon VEGF stimulation was analyzed using a monoclonal antibody that recognizes the extracellular domain of VEGFR2 (Fig. 5, A and B) . When added to the culture, the antibody binds to cell surface VEGFR2 that is sensitive to a mild acid wash. The acid-resistant vesicular staining pattern represented VEGFR2 molecules that are internalized from the cell surface into intracellular vesicles upon VEGF stimulation (Fig.  5A ). This analysis showed that R-Ras38V expression significantly reduced the internalization of VEGFR2 (Fig. 5, A and B) . The R-Ras43N expression showed an opposite effect, increasing VEGFR2 internalization during VEGF-stimulation (Fig. 5, A  and B) .
Bafilomycin, which inhibits lysosomal degradation of internalized proteins, significantly increased the intracellular content of internalized VEGFR2 in VEGF-stimulated mocktransduced control cells (Fig. 5, C and D) . However, FIGURE 6 . Biochemical analyses of VEGFR2 internalization. A, schematic of the assays. i, endothelial cell surface proteins were biotinylated by Sulfo-NHS-SS-Biotin. ii and iii, cells were stimulated with VEGF-A to allow VEGFR2 internalization. iv, cells were then treated with non-permeable reducing agent to remove surface-bound biotin. Cell lysates containing internalized biotinylated proteins were analyzed by avidin-agarose column, followed by anti-VEGFR2 Western blot detection (v) or by ELISA capture of VEGFR2 followed by avidin-HRP detection (vi). B, detection of internalized VEGFR2 using the avidin column method (A, v). ECs were stimulated with or without 50 ng/ml VEGF-A for 10 min. Bottom panel, an aliquot of cell lysate was loaded directly onto SDS-PAGE to assess total VEGFR2 (Input). C, time course analysis with the ELISA capture method (A, vi). The cell surface-biotinylated ECs were stimulated with 50 ng/ml VEGF-A for the indicated times. The relative levels of VEGFR2 internalization are presented for each data point compared with the mock control at 30 min. D, R-Ras knockdown by shRNA increases VEGFR2 internalization. Cells were stimulated with or without 50 ng/ml VEGF-A for 10 min, and the internalized VEGFR2 was measured by ELISA method (A, vi) . The -fold increase of internalization is presented as a relative value. NC, negative control shRNA.
bafilomycin could not offset the effect of R-Ras, and the R-Ras38V-expressing cells still showed significantly reduced internalized VEGFR2 compared with the mock control cells treated with bafilomycin. These observations rule out the possibility that R-Ras induces a rapid degradation of internalized VEGFR2 in lysosomes, causing an apparent decrease of the receptor internalization.
We next employed biochemical approaches to further confirm the effect of R-Ras on VEGFR2 internalization (Fig. 6A ). In these studies, the endothelial cell surface was biotinylated with Sulfo-NHS-SS-Biotin, and the cells were stimulated with VEGF to allow the internalization of VEGFR2. After removing surface-bound biotin with a cell-impermeant reducing agent, the cell lysate was analyzed by avidin affinity column followed by anti-VEGFR2 Western blot detection (Fig. 6B) or by ELISA capture of VEGFR2 followed by avidin-HRP detection (Fig. 6, C  and D) . The studies of gain (R-Ras38V) or loss (R-Ras shRNA) of function in these assays demonstrated the inhibitory effect of R-Ras on VEGF-induced VEGFR2 internalization, confirming the results of the antibody feeding assay.
The VEGF-induced internalization of VEGFR2 is dependent on clathrin-mediated receptor endocytosis (35) (36) (37) . Accordingly, clathrin knockdown has been shown to reduce VEGFR2 autophosphorylation (35) . We showed that clathrin knockdown by siRNA reduced Tyr-1214 phosphorylation of VEGFR2 in control cells, as expected (Fig. 7, A and B) . Clathrin knockdown also reduced the tyrosine phosphorylation level in R-Rassilenced cells to a level equivalent to that of the R-Ras-expressing control cells with clathrin knockdown, therefore offsetting the elevated receptor phosphorylation caused by the R-Ras deficiency (Fig. 7B ). These observations further support the hypothesis that R-Ras regulates VEGFR2 activity through the regulation of clathrin-dependent VEGFR2 internalization induced by VEGF.
When unstimulated with VEGF, R-Ras38V-transduced or R-Ras-silenced cells showed no differences in cell surface or total VEGFR2 expression levels from the control cells ( Fig. 8 , A-C and E). Also, we did not observe differences in cell surface or total expression of the VEGFR2-interacting proteins neuropilin 1 or ephrin B2 (Fig. 8, D and E) . Neither R-Ras38V nor R-Ras43N expression affected the internalization of the transferrin receptor, demonstrating the specificity of the R-Ras effect without generally affecting the internalization of cell surface molecules (Fig. 8F) .
The Role of VE-cadherin in the R-Ras-mediated Inhibition of VEGFR2-VE-cadherin is essential for the regulation of endothelial function and homeostasis (39) . VE-cadherin stabilized at endothelial adherens junctions blocks VEGFR2 internalization and inhibits VEGF signaling in ECs (35) . This VE-cadherin-dependent mechanism of VEGFR2 inhibition is important for the contact inhibition of ECs that attenuates EC proliferation, and it counterbalances the effect of VEGF, a potent mitogen for ECs (40) . The endothelial R-Ras stabilizes VE-cadherin at adherens junctions, thereby enhancing endothelial barrier function and reducing vascular permeability (14) . We examined whether VE-cadherin plays a role in the regulation of VEGFR2 by R-Ras. VE-cadherin was knocked down in R-Ras38V or mock-transduced ECs by siRNA, and the internal-ization of VEGFR2 was analyzed upon VEGF stimulation (Fig.  9A ). VE-cadherin knockdown significantly increased VEGFR2 internalization in mock-transduced ECs, in agreement with a previous report (35) . VE-cadherin knockdown also substantially increased VEGFR2 internalization in R-Ras38V-transduced cells (Fig. 9, A and B) . Hence, R-Ras38V reduced receptor internalization only by 20% in VE-cadherin knockdown cells compared with 58% in cells without VE-cadherin knockdown (Fig. 9B, Control) , demonstrating the importance of VE-cadherin in this effect of R-Ras. These results were in agreement with the effect of VE-cadherin knockdown on VEGFR2 phosphorylation levels (Fig. 9D) . Here, R-Ras38V reduced VEGFR2 phosphorylation by 49% in endothelial cells expressing the normal level of VE-cadherin ( Fig. 9D, control) . On the other hand, R-Ras38V reduced receptor phosphorylation only by 30% in VE-cadherin knockdown cells. The siRNA did not completely silence VE-cadherin (Fig. 9C) . Therefore, some effect of R-Ras through the remaining VE-cadherin is expected to be present, potentially explaining the remaining inhibitory effect of R-Ras38V in these cells. Taken together, these data suggest a critical involvement of VE-cadherin in the inhibitory effect of R-Ras on VEGFR2 signaling. A-E, R-Ras has no effect on cell surface and total expression of VEGFR2, neuropilin 1, and ephrin B2. A, cells without VEGF stimulation were incubated with anti-VEGFR2 antibody at 4°C for immunofluorescence staining of cell surface, and fixed with paraformaldehyde. Scale bar ϭ 25 m. B, cell surface proteins were biotinylated, and cell lysate was prepared without VEGF stimulation or biotin stripping. The cell surface proteins were isolated from the lysate by avidin column, and anti-VEGFR2 Western blotting was performed to quantify the surface VEGFR2 levels. An aliquot of cell lysate was loaded directly onto the gel to determine total VEGFR2 and GAPDH (Input). C, quantification of surface and total VEGFR2 normalized to GAPDH, presented as the levels relative to mock control cells. D, the cell surface expression levels of neuropilin 1 and ephrin B2 were determined for R-Ras38V or mock control cells. The total expression levels of these proteins were also determined using the pre-avidin column lysate. E, similar analyses were conducted for R-Ras-silenced ECs. No significant differences were found in R-Ras38V or R-Ras shRNA-transduced cells compared with control cells. NC, negative control shRNA. F, Alexa Fluor 555-conjugated transferrin was allowed to internalize into the cells at 37°C for 5 min. The level of transferrin internalization was quantified by average integrated fluorescence signal intensity per cell and is presented as relative values.
DISCUSSION
R-Ras promotes the quiescence of ECs, pericytes, and vascular smooth muscle cells (13, 14) . This R-Ras activity is important for limiting pathological vascular proliferation in conditions such as neointimal hyperplasia and tumor angiogenesis (13, 14) . The effect of R-Ras is unique in that, unlike other antiangiogenic molecules, up-regulation of R-Ras does not lead to EC death, but, instead, it promotes the maturation of nascent blood vessels. Through this activity, R-Ras supports the structural and functional integrity of new vessels following angiogenic sprouting (12) .
In this study, we investigated the molecular mechanism underlying the regulation of angiogenesis by R-Ras. In cultured ECs, we showed that R-Ras inhibits the internalization of VEGFR2, the process required for the full activation of VEGFR2 signaling by VEGF. Consistent with the inhibitory effect on receptor internalization, all five major tyrosine phosphorylation sites of VEGFR2, rather than a single specific site, were strongly down-regulated by R-Ras. Although these in vitro studies have a limitation in recapitulating the response of the endothelium, the results of the studies using R-Ras KO mice supported the in vivo relevance of our findings. We observed significantly elevated levels of tyrosine-phosphorylated VEGFR2 in the tumor vasculature in R-Ras KO mice. Our previous immunofluorescence analysis showed a moderate increase of average total VEGFR2 in R-Ras KO mice (14) . This tendency was also noted in our Western blot analysis. However, the ratio of phosphorylated VEGFR2 to total VEGFR2 clearly indicated an elevated activation of the receptor in R-Ras KO mice. Furthermore, the endothelium of the normal dermal microvasculature stimulated with VEGF-A injection also showed significantly increased VEGFR2 activation in R-Ras KO mice. These observations demonstrated an important role of R-Ras in attenuating both chronic and acute VEGF stimulation of blood vessels.
The blockade of VEGF (or VEGFR2) leads to normalization of the tumor vasculature (5, 7) . The observed increase in VEGFR2 activation in the tumor vessels in R-Ras KO animals FIGURE 9 . VE-cadherin is crucial to the R-Ras-dependent regulation of VEGFR2. A, VE-cadherin expression was knocked down in R-Ras38V or mocktransduced ECs by siRNA. Forty-eight hours later, cells were stimulated with 50 ng/ml VEGF-A for 10 min. VEGFR2 internalization was analyzed by antibody feeding assay. Scale bar ϭ 50 m. B, VEGFR2 internalization was quantified by average integrated fluorescence signal intensity per cell and is presented as relative values. ***, p Ͻ 0.001. VE-cad, VE-cadherin. C, the levels of VE-cadherin expression and VEGFR2 Tyr-1214 phosphorylation in these cells were determined by Western blotting. D, quantification of Tyr(P)-1214 VEGFR2. The -fold differences are presented in comparison with mock cells treated with control siRNA. **, p Ͻ 0.01. is in agreement with exacerbated abnormalities of these vessels (14) . However, R-Ras may also affect vessel structure and function through additional mechanisms independent of VEGFR2 regulation. Further studies are needed to examine the direct causal relationship between elevated VEGFR2 activation and augmented deformation of tumor vessels in the R-Ras deficiency.
Ras GTPases have been shown to positively regulate endocytosis (41) (42) (43) (44) (45) . However, accumulating evidence indicates that R-Ras is functionally distinct from other Ras-like proteins. In fact, R-Ras is known to function oppositely from H-Ras in the regulation of integrin adhesion (20, 21, 46) . A few studies have reported that R-Ras promotes integrin endocytosis (47, 48) . Another study has demonstrated that R-Ras promotes exocytosis (49) . The current literature is unclear regarding how R-Ras affects VEGFR2 and other growth factor receptor internalization in ECs. In this study, we showed that R-Ras inhibits VEGFR2 internalization upon VEGF stimulation. Using RNAi, we showed the importance of VE-cadherin for this effect of R-Ras. These observations are in agreement with two key findings from previous studies: VE-cadherin stabilization at endothelial adherens junctions inhibits VEGFR2 internalization and activation by VEGF (35) , and R-Ras stabilizes VE-cadherin at endothelial adherens junctions and protects endothelial integrity (14) . The R-Ras deficiency in mice results in the disruption of VE-cadherin and endothelial adherens junctions of tumor vessels (14) . In this study, we showed that R-Ras deficiency also elevates VEGFR2 activation in tumor vessels as well as in normal tissue vessels stimulated with VEGF, suggesting the in vivo relevance of our findings.
R-Ras may also affect VEGFR2 internalization through other mechanisms. For instance, R-Ras has a profound effect on integrin-mediated cell adhesion to the extracellular matrix. Altered focal adhesion and cytoskeletal architecture may contribute to the inhibition of VEGFR2 internalization. We showed, in this study, that R-Ras does not affect total or cell surface expression of neuropilin 1 or ephrin B2, which would otherwise affect VEGFR2 internalization (36, 38) . However, these results do not rule out the functional modulation of these proteins as a possible regulatory mechanism for VEGFR2 internalization.
In summary, our results demonstrate the important function of R-Ras to attenuate EC stimulation by VEGF through suppressing VEGFR2 activation. The regulatory mechanism identified here may be important in cancer as well as in vascular complications of other medical conditions involving aberrant vascular proliferation and permeability caused by excessive VEGF.
